The brain function is a network phenomenon. The architecture of brain networks 23 has been extensively studied in multiple species. However, exactly how the brain network 24 reconfigures when a local brain region stops functioning is virtually unknown. By 25 combining chemogenetic and resting-state functional magnetic resonance imaging 26 (rsfMRI) methods in an awake rodent model, we investigated the causal impact of 27 inactivating a hub region (i.e. dorsal anterior cingulate cortex) on brain network properties. 28 We found that disrupting hub activity profoundly changed the function and organization 29 of the default-mode network (DMN), as well as DMN-related behavior (i.e. quiet 30 restfulness). It also altered the topological architecture of the whole-brain network in 31 network resilience, segregation and small worldness, but not network integration. These 32 data provide direct evidence supporting the hypothesis that acute dysfunction of a brain 33 hub can cause large-scale network changes. They also comprehensively document the 34 differential impact of inactivating a hub versus a non-hub on network dynamics. 35 36 42 cost through clustered local processing (Bullmore and Sporns, 2009, 2012). Such 43 organization is well conserved in multiple species including rodents, primates and 44 humans ( Liang et al., 2011; Vincent et al., 2007; Wang et al., 2010).
Introduction 37
The mammalian brain is a highly inter-connected network system with distributed 38 brain regions orchestrating to support normal function and mediate complex behavior 39 (Bullmore and Bassett, 2011) . The brain network is organized to maintain an optimal 40 balance of information segregation and integration, which simultaneously maximizes the 41 efficiency of distal communication via long-range connections and minimizes the wiring propagate to neural circuits across the whole brain. This ripple effect is consistent with 152 the report in human patients with focal brain lesions to critical locations (Gratton et al., 153 2012) . 154 None of these changes (i.e. resting-state BOLD amplitude, dACC-related RSFC 155 and community size) were observed in sham rats when comparing CNO-to saline-156 injection conditions (Fig. S4 ), which suggests that CNO had minimal off-target effects in 157 our system, ruling out its potential confounding effects on rsfMRI data (Gomez et al., 158 2017).
160
Suppressing dACC altered activity and connectivity in the DMN. 161 Given that dACC is a major hub node in the functional network of DMN, we 162 examined the impact of inactivating the dACC on the DMN organization in awake rodents. 163 We first constructed the DMN using fractional amplitude of low-frequency fluctuations 164 (fALFF), defined by voxel-wise low-frequency spectrum power (0.01-0.08 Hz) normalized 165 by the full-spectrum power (Zou et al., 2008) of the rsfMRI signal. This well-established 166 method measures the amplitude of regional spontaneous brain activity. As a result, it can 167 reliably identify brain regions with higher activity at rest, and map the spatial pattern of 168 the DMN (Zou et al., 2008) . (Hsu et al., 2016; Lu et al., 2012; Stafford et al., 2014) . Notably, we found that 177 the BF was a prominent node in the rodent DMN, which was not observed in other rodent 178 DMN mapping studies, but was reported in an electrophysiology study that demonstrated 179 that the BF is a key DMN node and critical in regulating DMN-related behaviors in rats 180 (Nair et al., 2018) . hub in the whole-brain network when the dACC was suppressed (Fig. 7) . In contrast, both 193 subcortical nodes (BF and Hypo) showed increased RSFC after dACC suppression (Figs. 10 198 Suppressing dACC altered Considering that suppressing dACC significantly altered DMN activity in awake 200 rodents, we hypothesize that it also changes DMN-related behavior, measured by quiet . Therefore, we evaluated quiet restfulness, defined by continuous immobility for at 206 least 2s, in our animals. After either CNO or saline injection, the rat was put in the home 207 cage for 45min and was video-recorded. The animal's behavior was analyzed using 208 behavioral tracking software (ANY-maze, Stoelting Co., Wood Dale, IL). After CNO 209 injection, quiet restfulness was significantly reduced in the rat (Fig. 5 ), reflected by 210 significantly lower immobile time for at least 2s (t = 3.991, p = 0.0009), but higher distance 211 travelled (t = 4.294, p = 0.0004), mean speed (t = 4.811, p = 0.0001) and total mobile time 212 (t = 3.991, p = 0.0009). Rats also displayed significantly higher rearing after CNO injection 213 (t = 2.80, p = 0.01), likely reflecting an increase in vigilance and/or exploratory behavior.
214
Reduced quiet restfulness remained consistent during the last 15 min of testing, 215 suggesting that these behavioral changes were not due to the environmental changes at 216 the beginning of the test (Fig. S6 ). These data demonstrate that dACC suppression 
Suppressing a hub node changed whole-brain network organization
We further investigated the effect of suppressing the dACC on the organization of 221 the whole-brain network architecture in four aspects: network resilience, functional 222 segregation, functional integration, and small-worldness. The whole rat brain was 223 parcellated into 68 bilateral regions of interest (ROIs) based on the Swanson atlas 224 (Swanson, 2004) . The whole-brain network was constructed by calculating RSFC 225 between every two ROIs, generating a RSFC matrix for each animal at each condition.
226
This RSFC matrix was then binarized based on graph density. Graph topological 227 parameters including assortativity, modularity, global efficiency, and small-worldness 228 were respectively calculated as a function of graph density.
229
Assortativity measures network resilience. Brain networks with high assortativity 230 are more resistant to local attack such as lesion and neurological degeneration (Newman, 231 2002; Rubinov and Sporns, 2010). Fig. 6 shows that suppressing the dACC considerably 232 reduced the network assortativity, and as a consequence, the whole-brain network 233 became more vulnerable (Fig. 6A ). Functional segregation, quantified by modularity, 234 measures the network's ability of specialized processing. We observed that dACC 235 suppression decreased the modularity of the global brain network, indicating reduced 236 functional segregation ( Fig. 6C ). Global efficiency measures functional integration, which 237 assesses the ability to integrate specialized information from distributed brain regions.
238
Interestingly, suppressing the dACC did not seem to affect the global efficiency ( Fig. 6D ).
239
Small-worldness reflects the ability to balance functional segregation and integration.
240
Suppressing the dACC reduced small-worldness of the whole-brain network (Fig. 6B ). In 241 summary, we observed that suppression of the dACC affected global brain topology 242 including network resilience, network segregation and small-worldness, but not network integration.
244
As expected, DREADD suppression of the dACC significantly lowered its degree 245 ( Fig. 7 ), suggesting that dACC lost its hubness in the network. Interestingly, the degree 246 of the ventral RSC was significantly increased after dACC suppression, consistent with 247 our data that some RSC connections increased their RSFC within the DMN (Fig. 4D ).
248
Again, no changes in the degree of dACC or RSC were observed in sham rats ( Fig. S7 ).
249
These results indicate that a new hub can emerge when an existing hub stops functioning, 250 likely due to the compensatory mechanism.
252
Suppression of a non-hub region did not change whole-brain network properties 253 To determine whether aforementioned network changes depended on the specific 254 role of the node (i.e. hub versus non-hub), we also suppressed the activity in a non-hub in V1 was observed ( Fig. 8A) , which confirmed the inhibitory effect of DREADD in V1.
258
However, suppression of V1 did not affect fALFF in the DMN (Fig. S8 ), nor did it cause 259 any whole-brain topological changes including network resilience, functional segregation, 260 functional integration, or small-worldness (Figs. 8B-8E). Taken together, these data 261 suggest that attack on separate brain regions can have differential impact on brain 262 network properties, and hub nodes are particularly vulnerable to such attacks. . Therefore, brain function should be viewed as a network phenomenon.
273
By combining DREADDs and rsfMRI in an awake rodent model, we established a 274 system that allowed us to manipulate the activity in any brain region, and measure the 275 corresponding changes in brain-wide networks. This system makes it possible to 276 mechanistically dissect the causal relationship between a (or multiple) local brain region(s) 277 and brain network properties. In this study we specifically investigated the role of a hub 278 region (i.e. dACC) in brain networks. We found that disrupting hub activity profoundly (Fig. 5 ). It also altered the topological architecture of the whole-brain network in 281 terms of network resilience, segregation and small worldness, but not network integration 282 (Fig. 6) . These data offer direct evidence supporting the hypothesis that acute dysfunction 283 of a brain hub can cause large-scale network and behavioral changes. They also provide 284 a comprehensive framework documenting the differential impact of inactivating a hub 285 versus a non-hub node on network dynamics. chemogenetic, optogenetic, pharmacological and lesion methods. Such perturbations are observed prominent involvement of the BF in the rat DMN at baseline, which was missing 336 in previous rodent DMN mapping studies (Hsu et al., 2016; Lu et al., 2012) . Notably, the 337 BF has strong connections with the cortex and subcortical regions like Hypo, and these 338 connected regions substantially overlapped with the DMN revealed in our study 339 (Agostinelli et al., 2019; Gielow and Zaborszky, 2017) . Second, suppressing the dACC 340 considerably dampened the DMN activity, including that involving the BF. Third, 341 suppressing dACC reduced DMN-related behaviors. Taken together, these results 342 support the concept that, like humans and primates, the DMN in rodents is a functional 343 network with coordinated neural activity from distributed brain regions, and this network 344 might support behavior related to internally oriented brain states. Before imaging, animals were acclimated to the MRI environment for 7 days in 400 order to minimize stress and motion during imaging. To better adapt the animal to the 401 restrainer and scanning environment, the acclimation period was gradually increased 402 from 15 min on Day 1 to 30 min on Day 2, 45 min on Day 3, and maintained at 60 min/day 403 for Days 4-7. Detailed procedures for acclimation can be found from our previous publications (Dopfel and Zhang, 2018; Liang et al., 2012a) . A similar approach to imaging 405 awake animals has also been adopted by other research groups in multiple species 406 (Bergmann et al., 2016; Chang et al., 2016; Yoshida et al., 2016) . CNO (1mg/kg in saline, 407 dissolved in DMSO, Sigma-Aldrich, St. Louis, MO) or saline (with DMSO) was IP injected 408 30 min before rsfMRI data acquisition, at a random order with at least three days apart.
409
All imaging sections were conducted at the High Field MRI Facility at the 410 Pennsylvania State University on a 7T Bruker 70/30 BioSpec running ParaVision 6.0.1 411 (Bruker, Billerica, MA). rsfMRI data were acquired at the awake state using T2*-weighted 412 gradient-echo rsfMRI images using the echo-planar-imaging (EPI) sequence with the clustering coefficient.
451
Topological parameters of the whole-brain network including the modularity, global 452 efficiency, small-worldness, and assortativity were calculated on binarized network 453 across the graph density ranging from 0.15 to 0.45 with a step of 0.05 using the brain 454 connectivity toolbox (BCT) 30 based on the following equations:
455
Assortativity (Newman, 2002) :
where k x , k y is the degree of node x and y on two opposite ends of an edge; L is the set 458 of all edges within the network, and l is total number of edges.
460
Modularity (Newman, 2004) :
where M represents a set of non-overlapping modules, and e ij is the proportion of 464 between-modules connections of module i and j; e ii is the proportion of within-modules 465 connections of module i.
466
Global efficiency (Latora and Marchiori, 2001) :
where n is the total number of nodes; N is the set of all nodes. dxy is the shortest path 
